Spermatogenesis and sperm maturation are complex processes mediated by a variety of proteins present in the testicular and epididymal mileu. In the recent years, functional characterization of these proteins is being studied by genetic manipulations that involve targeted over expression or knock down of specific genes. In this study, we adopted FuGENE 6-based in vivo transfection of rat cauda epididymis with pGFP-V-RS plasmid that encodes shRNA to knock down Pate mRNA levels to implicate a possible role for this gene in sperm function. The mRNA levels of Pate gene were significantly decreased in HEK cells as well as in cauda of rats upon transfection with pGFP-V-RS plasmid that encodes shRNA targeting Pate gene. Spermatozoa obtained from the transfected cauda displayed impairment in capacitation and acrosome reaction. Furthermore, rats subjected to in vivo transfection to knock down Pate mRNA levels had compromised fertility. Results of our study indicate a role for Pate gene in sperm function and can be exploited as a potential male contraceptive target.
INTRODUCTION
Sperm maturation is a complex process that occurs in the epididymis. It is primarily divided into three regions, namely caput, corpus, and cauda. The three regions display distinct gene expression pattern to allow secretion of a large variety of proteins into the lumen (Hsia & Cornwall, 2004) . During the transit in this organ system, spermatozoa acquire motility and fertilizing ability and this is thought to be achieved because of their interaction with a wide variety of proteins secreted by epithelial cells. The functional importance of epididymal proteins has been studied for the last two decades and continues to evince interest to understand the biology of sperm maturation and function (Dacheux & Dacheux, 2014; Dacheux et al., 2016) . Many proteins that belong to the defensin, sperm-associated antigen 11, lysozyme-like, cathelicidin, and cystatin families, etc. are localized on the sperm surface and aid in sperm maturation and function (Li et al., 2001; Hall et al., 2002; Narmadha et al., 2011; Srakaew et al., 2014; Whelly et al., 2014; Narmadha & Yenugu, 2016) .
We identified and characterized proteins of the prostate and testis expressed (PATE) family in the rat (Rajesh & Yenugu, 2012) . The rat Pate gene cluster containing 11 members is located on chromosome 8q21 within a 2.5 kb segment present between the Acrv1 and Ddx25 genes. PATE proteins conserve two characteristic motifs that contain 10 cysteine residues: C
[XX]C[X7-8]C[X6]C[X7-8]C and C[X3]C[X15-16]CC[X4-5]CN;
with a dipeptide sequence (cysteine-asparagine) at the C-terminal formed with the 10th cysteine of the second motif (Bera et al., 2002) . Their three-dimensional structures indicate that they are similar to the three-fingered proteins (Ploug & Ellis, 1994; Fry et al., 2003) , uPAR and murine Ly-6 GPI-anchored proteins (Ploug & Ellis, 1994) , and activin receptors (Ploug, 2003) . PATE proteins are abundantly expressed in the male reproductive tract and on the spermatozoa (Soler-Garcia et al., 2005; Levitin et al., 2008; Turunen et al., 2011; Margalit et al., 2012) . We also demonstrated their expression pattern in the male reproductive tract of rat and the dynamics of expression during sperm capacitation and acrosome reaction, besides their role in fecundity (Rajesh & Yenugu, 2012 , 2015 .
Disruption of gene expression either transiently or permanently to understand the precise role of testicular and epididymal proteins in spermatogenesis, sperm maturation, fertilization, and in male reproductive physiology in general has gained interest in the last decade (Jamsai & O'Bryan, 2011) .
Transient knock down is accomplished by in vivo transfection of plasmid encoding siRNA/shRNA into the organ, whereas generation of transgenic and knock out animal models facilitate stable knock down. Injection of lentivirus-mediated siRNA targeting the carboxyl esterase gene (Ces5a) into the epididymis resulted in the knock down of gene expression (Ru et al., 2015) . In vivo electroporation and microinjection of plasmid encoding siRNA for Catsper2 resulted in the knock down of this gene (Zhang et al., 2012) . The expression of Clock gene (Clock (D19/D19) was knocked down in the testis by injecting a plasmid that expresses shRNA for this gene (Liang et al., 2013) . Sperm function was also evaluated by in vivo transfection of RNAi against HongrES1 in mice (Zhou et al., 2008) . In vivo gene transfection resulted in the expression of the transgene products (GFP and alkaline phosphatase) in the mouse cauda and this method was projected to be a useful tool to study epididymal physiology and sperm function (Esponda & Carballada, 2009) . Using this strategy, we carried out in vivo transfection of cauda epididymis with a plasmid that expresses shRNA to knock down Pate gene expression and evaluate its effect on sperm function and fertility. We observed that shRNA mediated knock down of Pate mRNA expression resulted in compromised capacitation, acrosome reaction, and fertility. 
MATERIALS AND METHODS

In vivo transfection
The lipid FuGENE â 6 (Roche, Mannheim, Germany) was employed for gene transfer as described previously (Esponda & Carballada, 2009 ). pGFP-V-RS plasmids carrying the SH1 and SH2 (0.5 lg each) and FuGENE 6 were mixed in 1 : 6 ratio and resuspended in 50 lL Optimem medium. Male Wistar rats were anesthetized with an intraperitoneal injection of ketamine and xylazine mixture (60 mg/kg body weight and 10 mg/kg body weight, respectively) and the scrotal sac covering the testis and epididymis was cut open. The cauda epididymis with tunica was exposed out and 2.5 lL of the above-prepared mixture (50 ng/ cauda) solution was gently injected into the lumen of the cauda epididymis using 10 lL Hamilton syringe. Five days after injection, the rats were allowed to mate following which the spermatozoa obtained from these rats were used for analyzing sperm capacitation and acrosome reaction. Rats injected with pGFP-V-RS plasmids that code for scrambled (SCR) shRNA and untransfected animals served as controls. All the surgical procedures on animals were conducted with the approval of the Animal Ethics Committee at University of Hyderabad.
Polymerase chain reaction
Total RNA was isolated from transfected cells or cauda epididymides obtained from control and in vivo transfected rats. One microliter of cDNA synthesized from 2 lg of total RNA was used for detecting the mRNA levels of the following genes:
was performed with a 2-min start at 94°C, denaturation at 94°C for 30 sec, annealing at 50-60°C for 30 sec, and extension at 72°C for 30 sec for 32 cycles, followed by a final extension at 72°C for 5 min. PCR amplicons were then analyzed in 2% agarose gels. Real-time PCR was performed using SYBR master mix kit (Applied Biosystems, Warrington, UK). The reaction conditions were initial denaturation at 94°C for 10 min; 40 cycles with 94°C for 15 sec and 60°C for 1 min. Negative controls (no template control and minus RT control (only with RNA) were included in the assays to detect non-specific amplification.
Immunofluorescence Cauda epididymides were dissected, divided into two pieces, and processed further to visualize GFP fluorescence in the cryosections and in whole tubules. One of the caudal pieces was fixed in 4% paraformaldehyde overnight and washed and placed in 15 and 30% sucrose solutions for 1 h each, washed with PBS, and immersed in cryomedium. Five micrometer cryosections were prepared using Leica CM1860 cryostat (Leica Biosystems, Wetzlar, Germany) and sections were mounted on to lysinecoated slides. These sections were stained with DAPI and mounted with Vectashield anti fade and observed under fluorescence microscope for GFP expression. The other piece was dispersed and the cauda tubules were mounted on slides and observed with 109 magnification objective lens for GFP expression. Images were captured using fluorescence microscope (Lawrence and Mayo, Mumbai, India).
PATE protein localization on the spermatozoa was performed as described earlier (Rajesh & Yenugu, 2015) . Briefly, spermatozoa obtained from control and in vivo transfected rats were resuspended in PBS and incubated sequentially for 1 h each with anti-PATE antibody raised in rabbit followed by FITC-conjugated anti-rabbit IgG. After three washes with PBA-BSA, spermatozoa were smeared on glass slides and visualized under fluorescence microscope.
Western blotting
Capacitation was assessed as a measure of phosphorylation of sperm proteins as described earlier (Rajesh & Yenugu, 2015) . Spermatozoa were lysed in lysis buffer [7 M urea, 2 M thiourea, 542 Andrology, 2017, 5, 541-547 4% (w/v) CHAPS, 2% (w/v) dithiothreitol, 2 mM Na 3 VO 4 , 50 mM NaF] containing a protease inhibitor cocktail (Sigma Aldrich, St. Louis, MO, USA) and heated for 5 min at 100°C. Proteins were extracted in the supernatant by centrifuging at 15294 g at 4°C for 20 min and separated by electrophoresis on 10% polyacrylamide-SDS gels, followed by transfer to a PVDF membrane (Millipore, Billerica, MA, USA). The blots were then incubated with 5% BSA for 1 h at room temperature to prevent non-specific binding. The separated proteins were then probed with monoclonal anti-phosphotyrosine antibody (1 : 1000; Millipore) and goat anti-mouse secondary antibody conjugated with horseradish peroxidase (1 : 3000) and the specific signals were detected by enhanced chemiluminiscence kit (GE Healthcare, Chicago, IL, USA). To ensure that equal amounts of protein were loaded in each well of the gel, the same membrane was reprobed with a monoclonal anti-tubulin antibody using the same procedure.
Flow cytometry
Flow cytometry was used to measure calcium dynamics and acrosome reaction using Fluo 3-AM and PNA-FITC, respectively (Rajesh & Yenugu, 2015) . Spermatozoa obtained from control and shRNA-injected rats were loaded with Fluo 3-AM (10 mM) at 37°C for 20 min and allowed to capacitate in capacitation medium. They were then washed twice with PBS at 500 g for 5 min to remove any free Fluo 3-AM. Intracellular calcium concentration [Ca 2+ ]i content was analyzed by flow cytometry with excitation and emission wavelengths at 488 and 515-540 nm, respectively. The fluorescence intensity data and the forward scatter were collected in logarithmic mode and the light scattering in the side scatter was collected in linear mode. The fluorescence intensity was quantified for 10,000 individual sperm cells in a flow cytometer (BD Biosciences, San Jose, CA, USA) and expressed as mean fluorescence intensity. For assessing acrosome reaction, the binding of FITC-labeled PNA (PNA-FITC; Sigma Aldrich) to the glycosylated proteins of acrosomal region was quantitated by flow cytometry. Loss of acrosomal proteins during acrosome reaction results in decreased binding of PNA and thereby the intensity of PNA bound FITC decreases. Thus, the acrosome-reacted spermatozoa with lesser fluorescence intensity are quantitated. Spermatozoa (5 9 10 6 cells/mL) obtained from control or in vivo transfected rats were treated with ionophore A23187 (10 lM) followed by washing with PBS and incubation with PNA-FITC (50 lg/mL) to stain the acrosomal region. Fluorescence intensity was measured in a flow cytometer with excitation and emission at 495 and 515 nm, respectively.
To analyze PATE protein expression on sperm surface by flow cytometry, spermatozoa were treated with PATE antiserum and FITC-labeled secondary antibody. Ten thousand individual spermatozoa were analyzed per sample for FITC fluorescence in a flow cytometer.
Fertility analyses
Matxing experiments were performed 5 days after in vivo transfection of cauda. Each male rat was mated with two females of proven fertility. After 2 days, females were separated, monitored for pregnancy, and the number of viable offspring in the litters was recorded.
Statistical analyses
Statistical analyses were performed using Holm-Sidak test available in SIGMA PLOT software (SPSS Inc., Chicago, IL, USA). Values shown are mean AE SD. *p < 0.05. 
RESULTS
SH1 and SH2 decreases Pate mRNA and protein levels in vitro
To test the ability of the shRNAs, HEK 293 cells were co-transfected with pCDNA-Pate plasmid and pGFP-V-RS expressing SCR, SH1, or SH2 shRNA sequences. The transfection efficiency was assessed by observing the GFP expression in the cells. Abundant GFP expression was evident in cells transfected with plasmids containing SCR, SH1, or SH2 sequences (Fig. 1B) , suggesting a high efficiency of transfection. Pate mRNA and protein levels were reduced in HEK cells transfected with plasmids encoding SH1 or SH2 sequence, whereas the same was unaltered in cells transfected with the plasmid that expresses SCR shRNA (Fig. 1C,D) . These results indicate the efficiency of the plasmids used and their suitability to be used for in vivo transfection.
Administration of SH1 and SH2 decreases Pate mRNA levels in the caput epididymis Plasmids that encode SCR or SH1 and SH2 targeting Pate mRNA were mixed with FuGENE and injected into the rat cauda epididymis. GFP expression was observed in the whole cauda tubules and in the caudal cryosections obtained from rats administered with the plasmids (Fig. 2A) . Tgfp mRNA levels were detected in the transfected cauda and this provides further evidence on the authenticity of in vivo transfection methodology used (Fig. 2B) . Pate mRNA levels were not detected in the cauda of rats administered with plasmid containing SH1 and SH2 with no such effect in cauda of control, sham-operated, and SCR groups (Fig. 2C) . PATE protein localization was decreased on spermatozoa obtained from SH1 and SH2 shRNA administered rats and the same was evident by a decrease in the fluorescence intensity (shift of the peak toward left) measured in flow cytometer (Fig. 2D,E) . SH1 + SH2 administration and the subsequent decrease in Pate mRNA levels did not affect the expression of other Pate genes (Pate-C, Pate-E, Pate-N, Pate-2, and Pate-DJ) in the cauda ( Figure S1 ).
shRNA mediated decrease of Pate mRNA levels affect sperm function and fertility
The effect of reduced levels of Pate mRNA caused by shRNA on sperm function was analyzed at multiple levels. Tyrosine phosphorylation of sperm proteins, a hallmark of capacitation, was lower in spermatozoa obtained from rats administered with SH1 + SH2. Such an effect was not observed in spermatozoa obtained from SCR-administered rats (Fig. 3A) . Intracellular calcium release, a feature of acrosome reaction was monitored by measuring the fluorescence intensity of the calcium binding dye, Fluo-3-AM. Because of acrosome reaction, fluorescence 544 Andrology, 2017, 5, 541-547 intensity was increased in spermatozoa obtained from control and SCR-administered rats (Fig. 3B) . Such an increase was not observed in spermatozoa obtained from SH1 + SH2-administered rats, indicating absence of acrosome reaction. The percent of acrosome-reacted spermatozoa was also lower in the rats injected with SH1 + SH2 (Fig. 3C) .
Mating experiments to evaluate the effect on fertility were conducted. Females that were mated with three of the five rats injected with SH1 + SH2 did not have pups (Table 1) . One of the two females mated with the other two rats also did not have pups, whereas reduction in litter size was observed in other females (Table 1) .
DISCUSSION
The fertility of an organism is largely dependent on its ability to produce functional spermatozoa, a process that happens in the testis and epididymis. Testicular and epididymal milieus constitute the microenvironment of the spermatozoa and they drive sperm production and maturation. Furthermore, proteins in the microenvironment are crucial to several aspects of sperm function, some of them contributing to capacitation and acrosome reaction, whereas some inhibit the same. Identifying these proteins opened up avenues for the development of male contraceptive targets. Immunocontraception using different animal models have been developed and a definite role for epididymal and testicular proteins are proposed. With the advancement of molecular biology, transgenic and knockout models were used to determine the role of genes involved in fertility (Naz et al., 2009; Yan, 2009) . Knocking down gene expression using siRNA or shRNA was demonstrated to be an acceptable model to study the contribution of epididymal and testicular genes in sperm function and fertility (Zhou et al., 2008; Esponda & Carballada, 2009; Zhang et al., 2012; Liang et al., 2013; Ru et al., 2015) . In this study, transfection of cauda with the plasmids that encode SH1 and SH2 were able to decrease the mRNA levels of Pate gene and the PATE protein in vitro and in vivo. Knock down of Ces5a, HongrES1, Catsper2, Clock (D19/D19) to study their role in sperm function was achieved by in vivo transfection of plasmids that code for siRNA/shRNA for these genes was reported earlier (Zhou et al., 2008; Zhang et al., 2012; Liang et al., 2013; Ru et al., 2015) . Thus, the design and transfection procedures used in our Figure 3 Capacitation and acrosome reaction in spermatozoa obtained from transfected cauda. The cauda of Wistar rats were transfected with pGFP-V-RS plasmid coding for scrambled (SCR) or SH1 + SH2 sequences. Spermatozoa were capacitated and acrosome reaction induced with A23187 ionophore. (A) Tyrosine phosphorylation of sperm proteins. (B) Mean fluorescence intensity of Fluo 3-AM as a function of calcium release. (C) Percentage of acrosomereacted spermatozoa. UNCAP, uncapacitated spermatozoa; CAP, capacitated spermatozoa; CAP/SCR -in vitro capacitated spermatozoa from cauda transfected with pGFP-V-RS plasmid encoding scramble shRNA; CAP/SH -in vitro capacitated spermatozoa of cauda transfected with pGFP-V-RS plasmid encoding SH1 and SH2 shRNA; CON -control unreacted spermatozoa; CON/AR -acrosome-reacted spermatozoa; SCR/AR -spermatozoa obtained from cauda transfected with pGFP-V-RS plasmid encoding scramble shRNA and in vitro acrosome reacted; SH/AR -spermatozoa of rats obtained from cauda transfected with pGFP-V-RS plasmid encoding SH1 and SH2 shRNA and subjected to in vitro acrosome reaction. Values shown are mean AE SD. *p < 0.05 compared to CON. 
study are in agreement with previously standardized procedures to study sperm function in conditions. Phosphorylation of sperm proteins, release of calcium from intracellular stores, and changes in the glycoprotein composition on the sperm surface are some of the hallmarks of sperm capacitation and acrosome reaction. We observed failure of sperm protein phosphorylation, release of calcium, and loss of sperm surface glycoproteins in spermatozoa obtained from the cauda of rats transfected with plasmids that encode shRNA to knock down Pate mRNA levels. Limited number of studies are reported on compromised sperm function in animal models of siRNA/shRNA-mediated gene knock down. Following Catsper2 knock down in rat testes achieved by electroporation of plasmids that encode RNAi, hyperactivation rate, fertilization rate, and migration motility was significantly reduced in the spermatozoa (Zhang et al., 2012) . Lentivirus-mediated delivery of siRNA and the resulting Ces5a knockdown in rats caused decreased sperm capacitation, sperm motility, and fertility (Ru et al., 2015) . Knock down of HongrES1 by in vivo electroporation resulted in reduced fertility and abnormal appearance of fetuses and pups (Zhou et al., 2008) . In this study, we also found decreased litter size in the Pate knock down rats. It is possible that the absence of PATE protein on the spermatozoa obtained from the Pate knock down rats is important for the events that occur in the female reproductive tract such as capacitation, acrosome reaction, spermegg fusion, and penetration. Litter size varied in female rats that were mated with males subjected to in vivo transfection for Pate mRNA knock down. This difference in fertility may be because of differential levels of plasmid transfections or knock down efficiency.
In our previous study, we observed that immunization against PATE protein did not affect capacitation, acrosome reaction, and fertility (Rajesh & Yenugu, 2015) . However, the same were affected when normal spermatozoa were incubated with antiserum against PATE in vitro. In this study, we observe that ablation of Pate mRNA levels affect sperm function and fertility. It is possible that the role of Pate gene in sperm function may be effected by complex mechanisms involving other genes. Loss of Pate mRNA levels resulted in decreased PATE localization on the spermatozoa. Thus, it appears that failure in addition of PATE protein onto sperm surface is crucial for sperm function. Immunization against PATE may not have allowed complete neutralization because of high levels of Pate mRNA and the resulting protein. Complete loss of function seems to be achieved only when mRNA levels are targeted.
In conclusion, we report successful knock down of Pate mRNA levels in rats by in vivo transfection of plasmid that encodes shRNA for this gene. Capacitation, acrosome reaction, and fertility were decreased because of knock down of Pate mRNA levels. Our results indicate that targeting Pate mRNA levels could be an important strategy toward the efforts for the development of agent to achieve male contraception.
